The current research of nonlinear seepage theory of shale-gas reservoir is still in its infancy. According to the characteristics of shale gas in adsorption-desorption, diffusion, slippage and seepage during accumulation, migration and production, a mathematical model of unstable seepage in dual-porosity sealed shale-gas reservoir was developed while considering Knudsen diffusion, slip-flow effect and Langmuir desorption effect. By solving the model utilizing the Stehfest numerical inversion and computer programming in Laplace space, several typical curves of bottomhole pressure were obtained. In this paper, we discussed the effects of several parameters on the pressure dynamics, i.e. storativity ratio, Langmuir volume, Langmuir pressure, adsorption-desorption, tangential momentum accommodation coefficient, flow coefficient, boundary. The results show that the desorbed gas extends the time for fluid to flow from matrix system to fracture system; the changes of Langmuir volume and Langmuir pressure associated with desorption and adsorption effect are the internal causes of the storativity ratio change; when the tangential momentum accommodation coefficient decreases, the time for pressure wave to spread to the border reduces; interporosity flow coefficient determines the occurrence time of the transition stage; boundary range restricts the time for pressure wave to spread to the border.
Introduction
With the successful development of shale gas in North America and the sharp increase in demand of natural gas in China, Chinese government and petroleum companies are attaching more and more attention on shale gas development. Studying shale gas percolation mechanism is the foundation and premise of effective development. However, there are only a few articles on exploitation of shale gas. Besides, most scholars still use conventional theories and methods to study shale-gas reservoirs.
So far, some studies have been made in shale gas exploration. The idea of applying desorption theories of coalbed methane in shale-gas reservoir has been suggested several years ago [1] . And a capacity descending chart had been plotted by Duan Yonggang et al. (2011) . In their study shale gas adsorption and desorption were considered [2] .
In the past years, some scholars established a new gas well productivity formula. In their study, they considered the effect of artifici al fracturing effect and gas slippage effect. Besides, some of their researches were conducted by applying physical simulation [3] .
To fully understand the mechanism of seepage in shale-gas reservoir, observation of nano-pores is dispensable. And for the first time, F. Javadpour (2009) used nanoscope to observe nano-pores in the shale-gas reservoir. He calculated the apparent Darcy permeability, while considering Knudsen diffusion. In addition, V. Shabr et al. (2011) introduced a new surface mass balance law to model transient desorption. In his research, he studied nanoscale seepage mechanism in pores, while considering Knudsen diffusion and Langmuir desorption.
In some studies, many prominent results were achieved, but on the other hand, Darcy's law was used [4, 5] . In fact, in nanoscale pores, Darcy's law is no longer valid [6] . According to the characteristics of shale gas in adsorption-desorption, diffusion, slippage and seepage during accumulation, migration and production, a mathematical model of unstable seepage in dual-porosity confined shale-gas reservoir was built in this paper, while considering Knudsen diffusion, slip-flow effect and Langmuir desorption effect [7] . By solving the model utilizing the Stehfest numerical inversion and computer programming in Laplace space, several typical curves of bottomhole pressure were obtained [8] [9] [10] [11] . And we discussed the effects of several parameters on the pressure dynamics, i.e. storativity ratio, Langmuir volume, Langmuir pressure, adsorption-desorption, tangential momentum accommodation coefficient, flow coefficient, boundary.
Mathematical Model and Solutions

Assumptions
To simplify the mathematical model, and make it convenient to solve, the following assumptions were made:
1) The shale-gas reservoir is dual-porosity;
2) The entire seepage process in shale-gas reservoir is isothermal;
3) Unsteady seepage in porous media doesn't follow Darcy law; 4) Flow in artificial fracture follows Darcy law; 5) The gas diffusi on flux in artificial fracture can be neglected when calculated with Darcy flow flux.
Mathematical Model
In nanoscale shale matrix pores, the mean free path of gas molecule is comparable or slightly less than pore diameter. The major forms of migration of shale gas in pores are Knudsen diffusion and slippage, while Knudsen diffusion inside the pore and slippage on its inner face [4, [12] [13] [14] [15] .
Take a pore as example. Inside the pore, the mass flux of diffusing gas is described as following:
where 2
is Knudsen diffusion coefficient [13] . On the inner face of the pore, the mass flux is described by [14] . Here, Darcy flow item is not considered. Quantitative description of the relationship between shale gas adsorption and desorption under constant temperature is obtained by using Langmuir isothermal adsorption equation [15] .
According to the mass conservation law and Langmuir isothermal adsorptio n equation and considering the Knudsen diffusion effect and slippage effect, the unsteady flow mathematical model of the dual-porosity sealed shale-gas reservoir is established. We assumed the matrix unit as spherical, and its diameter is r 1 . In the center of the spherical matrix unit, we assumed the pressure is zero, and at the interface of matrix system and fracture system, the pressure equals to that of fracture system.
The seepage in fractures is described as
where q m is the generation term (the volume of gas that outflow from matrix unit).
The unsteady seepage in spherical matrix is described as
By substituting Equations (1)- (3) into the mass conservation law, we can get
Boundary conditions:
Definitions
For convenience, we define following variables 
By substituting Equation (13) into Equation (14), coupled equation of fluid seepage in fractures and diffusion and slippage in matrix is deduced: matrix apparent permeability
matrix total compressibility coefficient where the interporosity flow function is 
Solutions
Introduce pseudopressure in Laplace space, and then the unsteady seepage in spherical matrix and the boundary conditions can be described as
Provided that there is a vertical well in the sealed dualporosity shale-gas reservoir, the boundary conditions corresponding with pseudopressure in Laplace space are as follows(consider wellbore storage effect C D and skin factor S): 
By substituting Equations (10) and (11) into Equation (9), pressure between spherical matrix and fracture can be described as Equation (15) 
Transform Equation (4) into dimensionless equation and make Laplace transformation, and then we can describe seepage in fracture as:
Substitute Equations (17) and (18) into Equation (20), and then factor A can be calculated: (see Equation (21) 
B MA  .
As to circle sealed formation
Substitute A and B into Equation (20), then the distribution of pseudopressure in Laplace space can be described as (see Equation (24)).
Substitute Equation (24) and its derivation function into Equation (19), the unsteady pseudopressure (dimensionless) can be calculated, while considering C D and S. (see Equation (25)).
Typical Curves and Analysis
By applying Stehfest numerical inversion on the pseudopressure in Equation (13) t C is obtained. According to Equation (13)
The effects of each parameter on pressure dynamics will be discussed next. Figure 1 shows that the elastic storativity ratio ω determines the width and depth of the concavity in the shale gas pressure derivative curve. In another words, the smaller the storativity ratio, the longer the transition time and the lower the pressure. Figure 2 indicates that the influence of Langmuir volume on the transition time for fluid to flow from matrix system to fracture system. Under the same Langmuir pressure, with the Langmuir volume increasing, the concavity in the curve is deepened. When the Langmuir volume increases to a certain degree, the concavity amplitude will reduce. Figure 3 shows the influence of Langmuir pressure on the transition stage (presents the stage when interporosity fluid flow from matrix system to fracture system). Under the same Langmuir volume, with the Langmuir pressure increasing, the concavity is deepened. But when the Langmuir pressure increases to a certain degree, the concavity amplitude will reduce. Figure 4 shows that the shale gas desorbed from matrix system enlarges the storage capacity of the matrix system, and prolongs the occurrence of the transition stage. It is also the reason why the storativity ratio decreases and the concavity deepens. 
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Without desorption
With desoption Figure 4 . Effect of gas desorption on pressure dynamics. Figure 5 describes the influence of the tangential momentum accommodation coefficient upon the pressure dynamics. With the tangential momentum accommodation coefficient decreasing, the concavity in the typical curve deviates to right and becomes shallower, and the time for pressure wave to spread to the border reduces. Figure 6 shows that the interporosity flow coefficient determines the occurrence time of the transition stage too. With the interporosity flow coefficient increasing, the transition stage appears earlier, the concavity deviates to left and the interporosity flow gets more intense. Figure 7 reflects how boundary range influences the pressure dynamics. With the range getting narrower, the time for pressure wave to spread to the border reduces. When the pressure wave reaches the boundary, the pressure curve as well as its derivative curve upturns, finally the two curves are tangent into a straight line, whose slope turn to be 1.
From all the figures, we can conclude that the pressure change of unsteady seepage in vertical wells in sealed shale-gas reservoir can be divided into three stages:  Early wellbore storage;  Transition stage: interporosity flow (from matrix system to fracture system) appears. Concavity of the curve appears in this stage too;  The radial flow of dual porosity system: this stage presents the homogeneous characteristics of formation. Pressure derivative curve shows a horizontal line, whose value is 0.5.
Conclusions
1) According to the characteristics of shale gas in adsorption-desorption, diffusion, slippage and seepage during accumulation, migration and production, a mathe-matical model of unsteady seepage in dual-porosity sealed shale-gas reservoir was built while considering Knudsen diffusion, slip-flow effect and Langmuir desorption effect. By solving the model utilizing the Stehfest numerical inversion and computer programming in Laplace space, several typical curves of bottomhole pressure were obtained.
2) In the sealed shale-gas reservoir, the stage when flow in fracture system exists only is extremely transient, the transition stage appears immediately after the wellbore storage stage. So in fracture system, radial flow doesn't appear. The pressure dynamics of unsteady seepage appear only in storage stage, the radial flow stage, and the stage when the pressure is unsteady.
3) The typical curves of bottomhole pressure are presented to discuss the influences of several sensitive parameters upon pressure behavior. These sensitive parameters include elastic storativity ratio, Langmuir volume, Langmuir pressure, adsorption-desorption, tangential momentum accommodation coefficient, interporosity flow coefficient, and boundary range. The smaller the storativity ratio, the longer the transition stage. The changes of Langmuir volume and Langmuir pressure, as well as desorption and adsorption mechanisms are the internal causes of the storativity ratio change. The tangential momentum accommodation coefficient describes smoothness of the pores' inner face, With the tangential momentum accommodation coefficient decreasing, the concavity of typical curves deviates right and becomes shallower, and the time for pressure wave to spread to the border reduces; The interporosity flow coefficient determines the occurrence time of the transition stage. With the interporosity flow coefficient increasing, the transition stage appears earlier, the concavity deviates to left and the interporosity flow gets more intense; with the boundary range getting narrower, the time for pressure wave to spread the border reduces.
